The emission of light and external coupling after the appropriate excitons have been formed in the organic light-emitting devices ͑OLEDs͒ has been investigated. The internally emitted light can be classified into three modes: externally emitted, substrate waveguided, and indium-tin-oxide ͑ITO͒/ organic waveguided. A combined classical and quantum mechanical microcavity model is used to calculate the distribution of light emission into these three modes in an OLED on planar substrates. The ITO/organic modes maybe suppressed due to the thinness of the ITO/organic layers. Consequently, as much as over 50% of the internally generated light is emitted externally in some structures, much greater than the ϳ20% figure given by classical ray optics. This model is used to examine how this distribution varies with exciton to cathode distance, the thickness of the ITO layer, and the index of refraction of the substrate. It can also be applied to OLEDs on shaped substrates where an increase in the total external emission up to a factor of 2.3 has been demonstrated. The numerical results agree well with experimentally measured far-field intensity profiles, edge emissions, and increase in external emission due to shaped substrates. Finally, based on these results, we discuss different approaches to device optimization, depending on the fluorescence efficiency of the emitter and whether a shaped substrate is used.
I. INTRODUCTION
Organic light-emitting devices ͑OLEDs͒ have attracted wide interest due to their applications in flat panel displays. One critical figure of merit for OLEDs is the electroluminescence ͑EL͒ efficiency EL ext ͑externally emitted photons/ electron͒. It is the product of the internal quantum efficiency EL int ͑internally emitted photons/electron͒, and the external coupling efficiency cp ext , the fraction of thus internally emitted photons that actually escape outside. In this article, we investigate the emission of light after the appropriate exciton has been formed in the OLED and calculate cp ext and its dependency on the OLED structure, including backside substrate patterning and high index of refraction substrates.
The article is organized as follows: in Sec. II the device architecture used in both simulation and experiments is described, and the combined classical and quantum mechanical microcavity ͑CCQMM͒ model is developed before presenting selected numerical results. Experimental procedure and setup are described in Sec. III. Experimental results, discussions, and device optimization approaches are presented in Sec. IV. The conclusions are in Sec. V.
II. THEORY A. OLED structure
A schematic diagram of the OLED structure used in both modeling and experiments is shown in Fig. 1 . The device consists of a glass substrate that is made of either soda lime glass ͑standard substrate n glass1 ϭ1.51͒ or Schott SFL57 glass ͑high-index glass n glass2 ϭ1.85͒, an indium-tin-oxide ͑ITO͒ (n ITO ϭ1.8-2.0) anode, a poly-͑N-vinylcarbazole͒ ͑PVK͒ (n PVK ϭ1.67)
hole transporting layer, a tris-͑8-hydroxyquinoline͒ aluminum ͑Alq 3 , n Alq ϭ1.71͒ electron transporting and emitting layer, and a 30-50 nm Mg:Ag ͑10:1͒ cathode followed by a 150 nm Ag cap. The EL spectrum shows that the emission comes exclusively from the Alq 3 layer. The OLED microcavity is confined by the reflecting cathode and the leaky ITO/glass interface.
The emitted light can be classified into three modes: the external modes that escape the substrate, the substratewaveguided modes that are trapped in the glass substrate by total internal refraction ͑TIR͒ at the glass/air interface, and the ITO/organic-waveguided modes that are trapped by TIR at the ITO/glass interface ͑Fig. 2͒.
B. Background and other theoretical treatments
Due to the index mismatch between the emitting layer and air, a large fraction of the light is trapped in the glass, ITO, and organic layers. This effect is well known in inorganic semiconductor light emitting diodes, where the external coupling efficiency is estimated by classical ray optics to be 1/2n
2 for large n. 1, 2 However, the multilayers of an OLED represent a different photonic structure that is not well described by classical ray optics. The ray optics result leads to an unrealistically high estimate for the internal quantum efficiency in some efficient devices. 3, 4 In addition, several groups have reported dependence of the far-field emission pattern on the thickness of the organic layer, which is not explained by the classical theory.
The behavior of radiating molecules in an optical microcavity is a general problem that can be approached in two ways: one based on classical electrodynamics and one based on quantum mechanics. Using a classical approach, many groups have examined the far-field emission characteristics as a function of the OLED layer structure using wave optics and a transfer matrix formalism. [7] [8] [9] [10] [11] [12] Recently, the EL pattern of polymer LEDs was found to be accurately described by a half-space dipole model that accounts for optical interference effects due to the metal cathode. 13 The most comprehensive classical treatment of the general problem is that presented by Chance et al., 14 where the radiating molecule is modeled as a classical oscillating dipole and the radiation fields in the layered media are described by a dyadic Green's function. Some of their earlier work was based on a Hertzian vector approach that has recently been applied to OLEDs. [15] [16] [17] They have shown that the Green's function method is completely equivalent and more easily applied to general stratified media. 14 This classical treatment provides a complete description of radiation in the OLED microcavity and has been combined with transport theory to successfully calculate the charge recombination and exciton emission zones of a single-layer polymer OLED. 18 From a quantum mechanical point of view, Ujihara presented field quantization of a onedimensional optical cavity with external coupling in an early article. 19 Similar quantum mechanical treatments were used to describe the change in rate, spectrum, and directionality of emission from radiative dipoles in III-V semiconductor microcavities. 20, 21 The CCQMM model was developed by Bulović et al. 22 In the QM treatment, the electromagnetic field in the layered microcavity is represented by the sum of eigenmodes of the cavity; the radiating molecule is modeled as a dipole; and the transition probability into each mode is given by Fermi's golden rule. It has the advantage that the transition rates into the external, substrate, and ITO/organic modes are computed separately. The shortcoming of the quantum mechanical approach is that it does not account for the energy transfer from the dipole to the metal electrodes. However, it was shown by Chance et al. that this energy transfer arises exclusively from the near field of the dipole, 14 so it does not affect the shape of the normalized far-field intensity patterns. In the model developed by Bulović et al., the QM microcavity treatment is augmented by the Green's function analysis which is more convenient in computing the total rate of energy loss, hence the dipole lifetime in layered media. 22 We will use this model to determine the distribution of luminous flux emitted into the three above-mentioned modes and to examine its dependence on the thickness and material constants of the constituent layers. Numerical results will be compared with measured intensity profiles and edge emission data.
C. Exciton recombination process
Both EL and photoluminescence ͑PL͒ are due to the radiative recombination of Frenkel excitons within the organic layers. 23 Since the quantum mechanical approach is based on the dipole approximation, and the classical analysis models the recombining excitons as oscillating dipoles we will use the terms ''exciton'' and ''dipole'' interchangeably. Our discussion is initially based on the emitter/electron transport material Alq 3 , although the extension to doped systems is straightforward.
The intrinsic rates of exciton recombination can be determined from the PL quantum efficiency PL of a thick
where W 0 is the intrinsic rate of radiative decay and W NR 0 is the intrinsic rate of nonradiative decay due to internal conversion and intersystem crossing. The PL efficiency of Alq 3 has been accurately measured to be 32%Ϯ2%. 24 For an exciton placed inside the OLED microcavity, the total recombination rate is where the rate of radiative decay W R is the sum of the decay rates of the external, substrate, and ITO/organic modes. W ET denotes the rate of energy transfer to the metallic cathode via nonradiative dipole-metal transfer and excitation of surface plasmons. W NR again denotes the rate of nonradiative decay of the exciton, which is assumed to be unaffected by the placement in the microcavity, thus W NR ϭW NR 0 . The fraction of internally generated photons that are emitted externally is given by the external coupling efficiency cp ext ϭW ext /W R , which is commonly held to be ϳ20% by ray optics. Also of great interest is the number of photons emitted externally for every singlet exciton created exciton ϭW ext /W TOT , which takes the nonradiative decay into account; consequently, it is a better measure of the external emission from the exciton in the microcavity. This can be seen more clearly if we let denote the total lifetime of the exciton. The amount of radiation each exciton emits into the external modes is given by W ext ϭW ext /W TOT ϭ exciton . Various efficiency measures are related to each other as follows:
where ␥ is the number of exciton forming events per electron flowing through the OLED, r st is the portion of singlet excitons, and R ϭW R /W TOT is the probability of radiative decay of the singlet excitons. It can be seen form Eq. ͑3͒ that the exact value of exciton as a function of the emitter location in the cavity is critical in extracting the ratio of singlet/triplet excitons. 13, 25 Backside substrate patterning has been shown to increase the external emission by converting some of the substrate modes into external modes. 26 -28 This increase in external quantum efficiency will be modeled and compared with experiments in this article. The conversion of substrate modes into external modes can be accounted for by replacing W ext with (W ext ϩ␤W sub ) in the efficiency calculations, where 1Ͼ␤Ͼ0 is the conversion efficiency. 29, 30 
D. Radiative modes
The recombining exciton is modeled as a two-level system whose transition rate is given by Fermi's golden rule:
where is the dipole moment and E(k,z) is the electrical field for mode k at the location of the dipole; E m and E n are the energies of the initial and final exciton states; and h is the energy of the photon emitted. The total transition rate is obtained by summing over all k, and . The OLED microcavity consists of, in sequence, the reflective cathode, the Alq 3 layer, the PVK layer, the ITO layer, ending in the glass substrate. Following Ujihara 19 and Deppe and Lei, 20 we place an imaginary upper boundary a distance L Z away from the ITO/glass interface ͑Fig. 1͒, solve for all the modes, and later let L Z tend to infinity. This treatment has the advantage that all modes become normalizable. Since the glass substrate is thick, the transmission from glass to air is handled by ray optics. 2, 13 On the other hand, the ITO/organic layers are thin compared with the visible wavelengths, so the ITO/ organic modes are discrete. The wave vectors k for these modes are described by transcendental equations that are solved numerically for both the TE and TM polarizations. 31 The electric field is determined by the microcavity structure:
where A͑k͒, B͑k͒, and C͑k͒ are functions of material constants and k; k oz is the z component of the wave vector in the emitting layer; l is the dipole-cathode distance; and o is the angle of the mode in the emitting layer. Here, the cathode is taken to be a perfect reflector. For spontaneous emission, the electric fields are normalized such that the energy in each mode is equal to that of a single photon. Near an antinode in the electric field where the sin 2 (k oz l) terms are maximized, the TE and first half of the TM radiation, both of which arise from the in-plane component of the electric field, are maximized. Near a node in the electric field, the second half of the TM radiation, which arises from the normal component of the electric field, is maximized, leading to a large in-plane TM component. We call the two components in the TM radiation the antinodal and nodal contribution, respectively.
Due to the high density of modes in the external and substrate modes, the sum in Eq. ͑7͒ may be replaced by an integral in the usual way: ͚ k ⇒͐(mode volume)
Ϫ1 dk. On the other hand, the ITO/organic waveguide can support at most a couple of modes. The sum in Eq. ͑7͒ is then transformed into a two dimensional integral in the k x -k y plane, and a discreet sum in k z .
The excitons are assumed to be generated at the Alq 3 /PVK interface and then diffuse into the Alq 3 layer. Tang and co-workers found the exciton diffusion length to be 20 nm, from examining the EL of an Alq 3 based device with varying dye-doped regions. 32 Throughout this work, we also assume the exciton recombination profile to be the same as the diffusion profile and use the same characteristic decay length. To calculate the intensity as a function of the mode angle in Alq 3 , I(), the radiation from an exciton at a single point in space and at a single wavelength I single (,,l) is weighted by the PL spectrum of Alq 3 and the exciton recombination profile which we assume decays exponentially from the PVK/Alq 3 interface with a characteristic length L D ϭ20 nm:
where P() is the Alq 3 PL spectrum, l is the dipole-cathode distance, and d o is the thickness of the Alq 3 layer.
E. Energy transfer to the cathode
In this section we discuss the nonradiative energy transfer that arises from the near-field interaction between the dipole and the metal cathode. The QM microcavity treatment provides an accurate description of the far-field radiative modes, but does not take into account this energy transfer to the cathode, which can dramatically increase the total decay rate W TOT . In the absence of the microcavity, a dipole placed close to a metal surface sees an energy transfer rate in the form of W ET ϰl Ϫ3 in the limit of short dipole-cathode separation lӶ. 14 -16 Although the effect of the cathode is expected to remain preeminent for a dipole in the OLED weak microcavity, the other dielectric interfaces also affect the field distribution in the microcavity; therefore, a more complete analysis is required for an exact solution. We use a Green's function formalism, taking into consideration the complex permittivity of the metal cathode. The readers are referred to Refs. 14 and 33 for detailed derivations. The normalized lifetime / 0 ϭW 0 /W TOT ͓ 0 ϭ1/(W 0 ϩW NR ) is the PL lifetime͔ is plotted in Fig. 3 as a function of the dipolecathode distance and the dipole orientation for a given OLED cavity. At a short distance away, the interaction between the near field of the dipole and the metal leads to a high W ET , i.e., cathode quenching, resulting in a very short lifetime. The rate of energy transfer is twice as fast for a perpendicular dipole as for a parallel dipole, the physics of which is similar to the radiation of dipole antennas immediately above the earth's surface. 34 The same principle was used to determine the orientation of single molecules at an interface by their fluorescence lifetimes. 35 In evaporated Alq 3 films, the molecular orientation is random, thus the ensemble average is isotropic. In polymer OLEDs, a preferred dipole orientation may exist due to spin coating of the polymer layer. 13, 36, 37 In this example, W ET decreases rapidly with increasing dipole-cathode distance and the lifetime levels off to approximately 90% of the intrinsic lifetime at a dipole-cathode separation of 80 nm ͑cf. Ref. 22͒.
F. Selected numerical results
The results of the CCQMM model are significant departures from the classical theory as illustrated in the radial plot of modal intensity versus the mode angle in Alq 3 . Figure  4͑a͒ depicts the classical model, in which the TE and TM radiations are identical and isotropic, and the modes are delineated by the critical angles for TIR at the glass/air and ITO/glass interfaces. The total emitted flux is given by
for an angular intensity pattern, I(). The emission at large angles to normal is heavily weighted because of the large solid angles corresponding to large , so much so that 47% of the emitted light is in the ITO/organic mode according to ray optics. In reality, the cutoff wavelength of the thin ITO/ organic waveguiding slab may fall within the visible region, and the strength of the ITO/organic modes are in general less than what the classical theory leads one to believe. Wave optics is employed in the half-space dipole model, where the exciton in the OLED is approximated by a dipole located in a semi-infinite region of organic material on top of a semi-infinite metal cathode. 13 Figure 4͑b͒ shows the same radial plot calculated by the half space dipole model:
where ␦ϭ2n org l/ is the phase distance from the cathode, and r s and r p are the Fresnel reflection coefficients for TE and TM waves, respectively. The intensity in the normal direction I(ϭ0) has maxima at ␦ϭ(mϩ1/2) or lϭ(m/2 ϩ1/4)/n org . For the EL spectrum peak of 524 nm, the first maximum is located 77 nm from the cathode. In Fig. 4͑b͒ , the radiation is concentrated in the forward direction because the dipole-cathode distance of 80 nm is close to the first maximum. It should be noted, however, at other dipolecathode separations, the half-space dipole model still predicts a large amount of radiation into the ITO/organic angle modes regardless of the actual OLED layer structure.
The results of the CCQMM model for a device with an 80-nm-thick Alq 3 layer at the peak emission wavelength ͑ ϭ524 nm͒ is shown in Fig. 4͑c͒ . The exciton is assumed to be residing at the PVK/Alq 3 interface, which is in close proximity to the antinode in the electric field ͑defined the same way as the maxima in the half-space dipole model above, ϳ77 nm from the cathode͒ at which point the TE and antinodal TM emissions are maximized ͓see Eq. ͑8͒ and discussions thereafter͔. The radiation pattern retains much of the characteristics of that of an in-plane dipole again due to the fact that the electric field vector of both the TE and the antinodal TM waves are in the x -y plane. The external and substrate modes form a continuum, because modal density is inversely proportional to the thickness of the region of space that the modes occupy. ITO/organic modes may exist at shorter wavelengths, but only as discrete modes. However, the energy in them may still be significant due to spatial confinement.
In an OLED on standard soda lime glass substrates, the ITO/organic modes are confined by TIR at the ITO/glass interface due to index mismatch between the substrate and the emitting layer (n glass1 Ͻn Alq ). With the use of high-index substrates (n glass2 Ͼn Alq ), the ITO/organic modes are converted into substrate-waveguided modes that exist predominantly in the substrate. Although the far-field intensity pattern of a planar OLED is independent of the index of the substrate, high-index substrates have been show to facilitate light extraction by substrate patterning techniques.
27 Figure  4͑d͒ shows the radial plot of intensity versus mode angle in the device as in Fig. 4͑d͒ , except on a high-index substrate. The ITO/organic modes are no longer present, and all modes form a continuum. The radiation pattern resembles that of an in-plane dipole up to large angles from the normal, where interference effects from the ITO/organic layer on the TM radiation is observed.
III. EXPERIMENT
Bilayer OLEDs were fabricated on either 0.7-mm-thick soda lime glass substrates coated with ITO ͑t ITO ϭ180 nm, n ITO ϭ1.8͒ purchased from Applied Films Corporation, or on bare 0.5-mm-thick soda lime or high-index glass substrates. 100 or 200 nm thick ITO layers (n ITO ϭ2.0) were deposited onto the bare glass substrates by rf magnetron sputtering in an Ar plasma with no intentional heating. The sheet resistance of the 100-nm-thick ITO was approximately 100 ⍀/sq, and the transmission was ϳ80% in the visible. The hole transport layer in all devices was a 40 nm layer of PVK, deposited by spin coating from a PVK/Chlorobezene solution after the ITO surface was treated by an O 2 plasma. 38 The electron transport and emitting layer in all devices was Alq 3 , deposited by vacuum sublimation at pressures Ͻ10 Ϫ6 Torr. The deposition rate was 0.1-0.3 nm/s. The cathodes were 30-50 nm of Mg:Ag ͑10:1͒ followed by an Ag cap evaporated through a shadow mask with 0.5-mm-diam holes. All lenses used for effective substrate shaping have a radius of curvature of 2.0 mm and a height of 1.5 mm, placing the OLED center exactly at the center of the curvature. They were made from the same material as the substrates, and were attached to the backside of the substrate with indexmatching oil. All devices were driven at a current density of 10 mA/cm 2 . Far-field light emission was detected by a Si photodiode on a stage with azimuthal rotation.
For the edge emission experiments, the substrate was diced, and the edges were vertical but not polished, so they acted as a diffusive scatterer. The edge emission was measured by another Si photodiode placed immediately adjacent to the substrate. This photodiode was covered with black tape except for a thin slit to prevent stray surface emission from interfering with the measurement.
IV. RESULTS AND DISCUSSION

A. Devices on planar substrates
The far-field intensity profiles from devices with thicker Alq 3 layers ͑40-80 nm͒ are qualitatively similar to the Lambertian profile, as has been observed in polymer LEDs elsewhere. 2, 13, 26 The exception was the device with a thin Alq 3 layer, where a significant peak in the intensity is observed in the TM polarized light ͑Fig. 5͒. In the thin Alq 3 layer, all excitons are close to the metal surface where inplane TM radiation dominates as discussed following Eq. ͑5͒. This coupled with the transmission at the glass/air interface, which falls off at large angles, produced the peak in the TM intensity profile. The model results are in excellent agreement with the data.
By integrating or summing I() ͓cf., Eq. ͑7͔͒ over the appropriate ranges: 0Ϫ c1 ϭsin Ϫ1 n air /n Alq for external modes, etc., we can compute the proportion of the internally generated emission that goes into each mode. First, we examine the emission as a function of the thickness of the Alq 3 layer for OLEDs on standard glass substrates ͑Fig. 6͒. 39 The overall height of the columns represents the rate of radiative decay W R . The sharp decrease in radiative output with Alq 3 layer thickness can be attributed primarily to the cathode quenching effect. In the device with 80 nm Alq 3 , the excitons are close to the antinode of the electric field in the microcavity, where according to Eq. ͑5͒, both the TE and antinodal TM contributions are maximized, leading to a large external and total emission. In contrast, in the device with 20 nm Alq 3 , the excitons are close to the metal surface where the nodal TM contribution at large angles dominates. The large-angle radiation suffers from TIR resulting in far less external emission as a percentage of the total radiation. It should be pointed out that in the 80 nm Alq 3 device roughly one third of the emission is into the external modes, much greater than the 18.9% figure according to classical ray optics.
The external emission in the forward half plane of a series of OLEDs on standard substrates with the Alq 3 layer ranging from 20 to 80 nm was computed by integrating the measured intensity profiles according to Eq. ͑6͒. The normalized external quantum efficiency ͑photon/electron͒ as a function of the thickness of the Alq 3 layer is plotted in Fig. 7 along with the calculated values by both the CCQMM model and the half-space dipole model. 13 The external quantum efficiencies decrease with decreasing Alq 3 thickness due to cathode quenching as expected; however, both models underpredict the efficiencies in devices with thinner Alq 3 layers, while the CCQMM model is slightly more accurate. We attribute this misfit to the fact that a thinner Alq 3 layer increases the amount of electron current proportionally relative to that of holes, thus improving the carrier balance, making the device more efficient. 40 An alternative explanation is that the characteristic length of the exciton recombination profile lengthens with increasing Alq 3 thickness, which means the average exciton recombination site is farther away from the cathode than assumed. By the same cathode quenching argument, we would expect the actual external emission to be more than the modeling results.
The thickness of the ITO layer affects the modal distribution in two ways. It alters the ITO/organic modes by changing the combined thickness of the ITO/organic layer and the external and substrate modes through interference effects. It is possible to have an ITO layer so thin that no ITO/organic mode exists for most of the visible spectrum. In the same vein as in Fig. 6 , the distribution of light emission is calculated for OLEDs with 100-nm and 200-nm-thick ITO layers ͑Fig. 8͒. The emission into the ITO/organic modes in the OLED with the thinner ITO layer is drastically suppressed, since the cutoff wavelength is only slightly above the low end of the visible spectrum. On the other hand, the cutoff is above the peak emission wavelength of Alq 3 in the OLED with the 200 nm ITO layer, resulting in much stronger ITO/organic modes. The absolute value of the emission into the external and substrate modes is moderately affected by the interference effects, but not enough to prevent the proportion of external emission from increasing with decreasing ITO layer thickness. According to our model, as much as ϳ52% of the light could be emitted externally in the planar device with 100 nm ITO. External coupling efficiencies of more than 40% have been calculated by other groups.
14,18
The use of high-index substrates eliminates TIR at the ITO/glass interface, which also converts the ITO/organic modes into substrate modes. From ray optics, we expect the external emission to be independent of the index of the substrate. This is confirmed by the measured external quantum efficiency of identically fabricated OLEDs on both soda lime and high-index glass substrates ͑Table I͒, as well as the observed far-field intensity profile ͑Fig. 9͒. The distribution of light emission for an OLED on high-index substrates is shown in Fig. 8 with the external emission normalized to that of an identical device on soda lime glass substrates. By converting the ITO/organic modes the device on the high-index substrate has more emission in the substrate modes and a higher total radiative output. Figure 9 shows the far-field intensity pattern of an OLED with an 80 nm Alq 3 layer on both standard and highindex substrates, with and without a lens attached. In devices fabricated on planar substrates, the far-field intensity patterns are the same, irrespective of the index of the substrates, as expected. Once a lens of the same index as the substrate is attached, the devices on the high-index substrates showed an average increase by a factor of 3.2 in the intensity in the normal direction versus an average increase by a factor of only 2.2 for the devices on the standard substrates. These results are very close to the ideal scenario where the OLED is a point source at the center of curvature of the lens, where the expected increase is given by n glass 2 , i.e., by factors of 3.4 and 2.3 for high-index and standard glass substrates, respectively.
B. Devices on shaped substrates
High-index substrates not only convert the ITO/organic modes, but also have a focusing effect on the distribution of emitted light rays. With a large substrate index (n glass2 ϭ1.85), diffraction from the emitting layer (n Alq ϭ1.71) bends light rays forward in the substrate. In the ideal scenario where the OLED is a point source at the center of the curvature of the lens, the far-field intensity pattern in air is identical to the ray distribution in the substrate, so the emission in air is also more concentrated in the normal direction. If we were to look at the light emission in the forward 120°c one, where most of the viewing takes place, the amount of increase in external quantum efficiency is even more remarkable. The observed increase was by a factor of 2.9 for the device on a high-index substrate, and only a factor of 1.7 for the corresponding device on a standard substrate. Our model predictions of the increase in the forward half plane and 120°c one for both types of substrates agree well with the data. The discrepancy between theoretical and experimental values can be attributed to the finite size of the OLEDs and the imperfections at the edge of the lenses ͑Table I͒.
We also calculated the expected increase in the external luminous flux by attaching a lens with the same index as the substrate, assuming the same lens and OLED dimensions ͑Fig. 10͒. The predicted enhancement factor increases monotonically with the index of refraction of the substrate. As the index of the substrate increases beyond that of the emitting layer (n Alq ϭ1.71), emission becomes more concentrated in a Quantum efficiency ͑external photon/electron͒ is the same for both types of devices as measured from a group of large-area planar OLEDs. the forward direction due to refraction. Hence for higher substrate indices, the luminous flux in the forward 120°cone shows a larger increase compared with that in the entire forward half space for higher substrate indices.
C. Edge emission measurement
Direct measurement of the substrate and ITO/organic waveguided light is difficult; therefore, we devised a method that indirectly measures the ratio of light emission into the external modes over that into the substrate modes, i.e., cp ext / cp sub . 42 A portion of the substrate waveguided light is made to emit externally by attaching a lens to the backside of the substrate. Due to the thickness of the substrate, it was assumed that attaching the lens negligibly affected the behavior of the OLED. Since the ITO/organic modes were heavily attenuated by the metal cathode and the absorption in the ITO layer, we assumed that the edge emission was exclusively composed of the substrate modes. 22 In the absence of scattering that mixes the modes, it follows that / cp sub ratios of 0.75 and 0.56 for the device with thicker ITO and on high-index substrate, respectively. Although discrepancies between the data and the modeling results exist, there was a recognizable pattern that confirmed the reduction of emission into the external modes relative to the substrate modes as the ITO thickness was increased, and when high-index substrates were used. The agreement was reasonable despite the simplicity of our assumptions, chief among which is the lack of mode mixing scattering.
D. External efficiency optimization
It is clear from Fig. 7 that microcavity effects are at least as important as the transport of carriers in device optimization through layer thickness adjustments. Radiative emission is maximized for an exciton at an antinode of the electrical field in the cavity. For a perfect metallic cathode, the first antinode is a quarter wavelength away, or approximately 75 nm at the peak emission wavelength of Alq 3 ͑Ϸ524 nm͒. Because the excitons diffuse away from the PVK/Alq 3 interface, the optimal Alq 3 thickness should slightly exceed /4. On the other hand, thick Alq 3 increases the operating voltage, so in practice the best power efficiency is obtained with Alq 3 thicknesses around 50 nm. 22 Further device improvement is possible if the external coupling can be decoupled from the charge transport.
There is a similar rule of thumb for the distance between the exciton and the dominant reflective interface ͑ITO/glass͒ on the anode side for optimizing external emission. That distance should be a multiple of half wavelength for maximum constructive interference of electrical fields at the point of the exciton ͑reflection at the ITO/glass interface contributes no phase change͒. 41 Again using the case of Ϸ524 nm as an example the optimal ITO thickness is given by d PVK n PVK ϩd ITO n ITO ϭ/2. The optimal ITO thickness according to this rule is found to be approximately 100 nm, assuming d PVK ϭ40 nm, n PVK ϭ1.67, and n ITO ϭ2.0. Figure 11 the nonradiative processes, thus is also independent of PL , and a peak value of 52.6% is observed at an ITO thickness of 100 nm as predicted by the simple rule of thumb noted above. But calculation of the distribution into the three radiative modes reveals that the suppression of ITO/organic modes due to the thinness of the ITO layer ͑Fig. 8͒ also plays a role. As the ITO thickness increases above 100 nm, ITO/ organic modes start to contribute to the radiative decay and cp ext decreases rapidly. However, the more relevant parameter to device optimization is the number of photons emitted externally per singlet exciton exciton , which is a product of cp ext and R . These efficiencies in Alq 3 ( PL ϭ0.32) are plotted in Fig. 11͑a͒ . The total decay rate W TOT does not change appreciably with the change in thickness of the ITO layer; however, the relative strength of the radiative decay and the dipole-cathode energy transfer depends sensitively on the ITO thickness. It remains likely that in some highly efficient devices ͑ PL Ӎ1, ET Ӎ0͒, a high exciton can be achieved with thin ITO layers that eliminates the ITO/organic modes. Figure 12 shows calculated exciton as a function of ITO thickness for OLEDs on both planar and shaped soda lime glass substrates. Shaped substrates ͑␤ϭ1͒ increase exciton by a factor of more than 2 compared with planar substrates as shown previously. Among the devices on planar substrates, the most efficient devices predicted is on 125 nm of ITO, whereas among the devices on shaped substrates, the most efficient device is on 150 nm of ITO ( exciton ϭ26.8%). The different ITO thickness alters the intensity distribution sufficiently that the optimization is dependent on whether the shaped substrate is used. total radiative emission is higher in an OLED on a highindex substrate than on a thin ITO/standard glass substrate ͑Fig. 8͒, which translates into higher external emission in the presence of competing nonradiative processes.
V. CONCLUSIONS
We used a CCQMM model to describe the recombination of excitons in an OLED. The calculated emission rates into the external, substrate, and ITO/organic modes differ substantially for the classical ray optics result and are strong functions of the indices and thicknesses of the layers. We found that one of the chief shortcomings of the classical model is the failure to consider the cutoff effects of the ITO/ organic waveguide. We found that external coupling efficiencies in excess of 50% is possible in certain structures. The model accurately predicted the far-field intensity pattern, the external/substrate mode ratio as determined by edge emission experiments, and the expected increase of external emission by employing shaped substrates. Finally, device optimization should aim to maximize the number of externally emitted photons per exciton of the appropriate type exciton , which we have calculated using the CCQMM model.
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